Objective. The external knee adduction moment (EAM) is often considered a surrogate measure of the distribution of loads across the tibiofemoral joint during walking. This study was undertaken to quantify the relationship between the EAM and directly measured medial tibiofemoral contact forces (F med ) in a sample of subjects across a spectrum of activities.
The knee is required to transmit multiples of body weight across the joint, even during normal activities of daily living (1, 2) . Excessive joint contact forces, in particular loading conditions under which the mechanical forces are transferred disproportionally across the tibiofemoral joint, are considered to be a driving factor of osteoarthritis (OA) (3) . As a result of the disease, the structural integrity and functionality of the joint are compromised, and pain and loss of overall function and mobility often ensue (4) . Understanding the conditions under which high forces are transferred primarily through one compartment of the knee is therefore a key prerequisite for the identification of patients at risk of early onset or accelerated progression of OA, and is essential for planning and evaluating therapeutic approaches that aim to specifically alter the mechanics of tibiofemoral articulation (5) .
Despite the importance of joint loading conditions in the context of OA initiation and progression, accurate noninvasive methods for direct assessment of the compartmental loading within the human knee are currently not available. As a result, indirect measures, including the external knee adduction moment (EAM), are often used as surrogate measures of the load distribution in the frontal plane, since these can be readily derived using gait analysis and inverse dynamics techniques (6) . Importantly, there is strong evidence suggesting that the EAM is a predictor of progression of knee OA (7) (8) (9) . There is also evidence that the EAM can be modified by surgical procedures such as high tibial osteotomy (5, 10) . Noninvasive approaches to reduce the EAM have included orthoses, footwear interventions (11, 12) , gait modifications such as increased lateral trunk lean (13, 14) , "medial thrust gait" (15) , and active changes in foot progression angle (16, 17) . While those studies indicate that the EAM can indeed be manipulated and reduced, their efficacy varies considerably (18) , possibly because a reduction in the EAM may not be consistently linked to a reduction in the medial joint contact force, but rather to a change in the ratio of the medial to the total axial tibiofemoral contact force (MR) (19) .
Recently, telemetric implants have enabled the knee joint contact forces to be measured directly (20) . Such implants have allowed an understanding of the effect of variable-stiffness shoes (11) , nordic walking poles (15) , and valgus braces (21) for reducing the medial tibiofemoral contact force (F med ) in vivo. Furthermore, first investigations into the relationship between the EAM and the in vivo measured F med found a good correlation between the 2 measures (22) . However, although a correlation between EAM and F med was demonstrated by manipulating shoe stiffness (11), reducing EAM by modifying gait patterns did not appear to have a consistent impact on F med (23) . Importantly, those studies were performed during walking activities in a single subject only, and it therefore remains unclear whether these initial findings are consistent across different activities or between subjects. It is indeed conceivable that variations in muscle activation patterns, resulting from either different locomotor requirements, variations in individual soft tissue competence, or differences in neuromuscular control (24) , might influence the manner in which the external moments are balanced by active and passive soft tissue forces between activities and subjects (25) .
Although the muscle forces are known to be key determinants of the internal forces transmitted at the knee (26) , and are thus probably key modulators of the relationship between external moments and internal joint contact forces (27) , their specific influence remains elusive due to a lack of methods for their direct determination. Direct in vivo measurements of the joint contact forces, however, have already found the MR to be activity dependent (28, 29) , highlighting the need to further elucidate the relationship between EAM and F med across a spectrum of activities. An improved understanding of the conditions under which the EAM might serve as a suitable measure of the internal loading conditions within the joint could allow improved clinical decision making based on accessible noninvasive measures. The objective of the present study was therefore to quantify the relationship between the EAM and directly measured F med , as well as MR, in a sample of subjects across a spectrum of activities.
PATIENTS AND METHODS
Subjects and activities. Gait analysis was performed on 9 patients (6 men and 3 women) who underwent total knee replacement (TKR) (mean Ϯ SD age 70 Ϯ 5 years, body mass 90.5 Ϯ 12.6 kg, and height 1.72 Ϯ 0.04 meters). Patients were assessed a mean Ϯ SD of 26 Ϯ 13 months after surgery, and had a mechanical axis angle ranging from 4.5°valgus to 7°v arus. Each subject had previously been implanted with a telemetric knee implant that was based on a commercially available design (Innex; Zimmer) (20) and that allowed the noninvasive transmission of internal joint contact force data (ϳ100 Hz, 3 forces ϩ 3 moments that acted on the tibial tray). The telemetric implants were used to record in vivo tibiofemoral forces during the following activities: walking, stair climbing (20-cm step height and 26-cm step run), stair descending, sit-to-stand (seat height adjusted to 90°knee flexion during sitting), stand-to-sit, 3 variants of squatting, one-legged stance, and a transfer of the subject's body weight from one leg to the other in a standing posture. While maintaining the reference position of their feet established for the neutral squat (approximately shoulder-width apart), subjects were asked to squeeze their knees together (valgus squat) or push their knees apart (varus squat). All subjects completed the activities in a single session, following a standardized protocol with the same order of activities, with sufficient time allowed to rest between activities to prevent fatigue. Data for the squat variants could not be obtained for 3 patients (K6L, K7L, and K9L) because of the finite amount of time available for the measurement session. Six subjects completed all 10 activities. On average, 5 repetitions of each activity were free from data errors and suitable for analysis. All subjects provided written informed consent to participate in the procedures, and the study was approved by the local ethics committee.
Subject-specific anatomy. Subject-specific musculoskeletal models of each subject's lower limb bones and muscles were derived from postoperative full-leg computed tomography scans (1-mm slice thickness). A reference muscle geometry, based on the Visible Human data set (26, 30) , was then adapted to each subject using the techniques described by Trepczynski and coworkers (26) . These anatomical models included bone surfaces, implant surfaces, and anatomical landmarks, which were used to quantify the bony geometry and to consistently define local coordinate systems for describing segment as well as 3-dimensional (3-D) implant positions and orientations. Segment circumferences were each collected at 2 locations in order to approximate the segment mass distribu-tion using geometric relationships, and hence the inertial parameters of the segments (30) .
Determination of the external moments. During each activity, the external loads were measured using two 6 degrees of freedom force plates (AMTI), while the 3-D kinematics of each subject's lower limbs were measured using reflective markers attached to the skin, tracked at 120 Hz using a 10-camera motion capture system (Vicon). Six markers were placed on the pelvis, 8 on each thigh and shank, and 4 on each foot (31) , for determining skeletal kinematics, as described in detail previously (26) . Subject-specific skeletal anatomy was fitted to dynamic functional joint axes and centers (31, 32) , using a global optimization approach. The segment and joint kinematics, as well as the ground reaction forces and inertial parameters, were then used as input to an inverse dynamics approach to yield the 3-D intersegmental resultant forces and moments (external moments) throughout the lower limb. Although the 3-D external moments were calculated for each joint, only the EAM and the external knee flexion moment (EFM) were considered.
Relationship between the external moments and the internal forces. The medial and lateral components of the axial tibiofemoral joint contact force (F med , F lat ) were computed based on the total axial force and the internal knee adduction moment (IAM) measured by the telemetric implants, together with the distance between the medial and lateral contact points. Decomposition of the tibiofemoral contact force was based on the assumption that negligible friction existed in the frontal plane, with contact fixed at the lowest points on the tibial inlay. Laboratory tests showed this decomposition to be accurate within 3% as long as the in vivo measured axial force was Ͼ1,000N (21) . As a result, only those sections of the activity cycles for which the in vivo axial force was Ͼ1,000N were considered in the analyses. Relevant movement phases of the activities were defined as the phase from heel strike to toe-off for walking and stair negotiation, as the phases during which the knee flexion changed for squatting and rising from a chair and sitting, or as the phase where only the leg of interest had ground contact during a one-legged stance. The relative time (peak time point as a fraction of the activity cycle), knee flexion, and MR were determined at both peaks. The MR of the axial tibiofemoral force was computed as:
Relationships between F med and EAM across subjects and activities. Exploratory analyses suggested that the relationship between F med and EAM was generally linear, but MR and EAM appeared to be related in a nonlinear fashion. Therefore, to assess whether subjects and activities were important factors for the relationship between external moments and internal forces, linear and nonlinear regression modeling techniques considering either F med or MR as the dependent variable were used.
The factor "subject" was assessed using linear mixedeffects model analysis performed on all activities, including a total of 430 data sets across all 10 subjects. Random effects were modeled using random slopes and random intercepts for the crossed grouping variables "subject" and "activity," to assess whether and how the regressions linking F med and EAM varied across subjects. Analyses focused on the relationship between the peak EAM and the in vivo measured F med at the same time point.
Three additional linear mixed-effects models were evaluated for investigating the factor "activity," the relationship between the external moments and internal forces throughout the entire loaded phases across activities. These models considered either the signed EFM or its absolute value (23):
where a, b, and c are free regression parameters.
These analyses used the same 430 data sets but were based on all frames rather than peak values per activity alone. Random effects were again considered but with the focus on evaluating whether and how the regressions linking F med and EAM varied across activities.
Interaction of EAM and mechanical axis angle. For assessing the relationships between peak F med and EAM, an additional model included the mechanical axis angle, a measure of static limb alignment, as a covariate to determine whether the interaction of EAM and mechanical axis angle explained significant variance in the data.
Relationship between the MR and the EAM. Nonlinear regression was used to quantify the relationship between the MR and EAM. Initial analyses demonstrated that an arctangent function appropriately estimated the data, since MR appeared to asymptotically approach extreme values (0 ϭ lateral and 1 ϭ complete medial loading). The nonlinear relationship was described as:
In order to characterize the MR-EAM relationship, a first fit was performed over all frames for all subjects and activities. To further explore the role of alignment, 2 additional groups were compared. Group 1 (valgus group) included subjects with a mechanical axis angle less than the median value, while group 2 (varus group) included those with a mechanical axis angle greater than the median for all 9 subjects.
Role of the soft tissues in balancing the external moments. Finally, to better understand the role of the soft tissues in balancing the external moments, the relationship between the EAM and the IAM, resulting from the MR, was analyzed using linear regression over the relevant movement phases. The difference between the in vivo measured tibiofemoral contact force and the intersegmental resultant force at the knee (from the inverse dynamics analysis) was determined at the instant of peak F med to further quantify subject-specific and activity-specific strategies for balancing the external moments through the soft tissues.
Evaluation of significant effects. Analyses were performed using the R software package (2013; R Core Team). The mixed-effects models were evaluated using the lme4 package. Visual inspection of residual plots did not reveal any obvious deviation from normality or homoscedasticity. R 2 is reported as a measure of the strength of association, the fitted 1220 TREPCZYNSKI ET AL parameters, and also the root mean square error (RMSE) of the predictions. A correlation was considered good, moderate, or poor if R 2 was equal to or greater than 0.75, R 2 was less than 0.75 but greater than 0.5, and R 2 was equal to or less than 0.5, respectively. P values for the mixed-effects models were obtained by likelihood ratio tests of the model with the effect in question against the model without the effect in question. P values less than 0.05 were considered significant.
RESULTS

Peak external moments versus internal forces.
Analysis of the peak EAM and peak F med across the spectrum of activities revealed that those with a onelegged stance phase had generally larger EAMs and medial forces than activities where both feet remained on the ground. The knee flexion angles at either peak EAM or peak F med varied substantially across activities (Table 1) . During activities with loading on one leg, peak EAM and peak F med occurred at similar, smaller knee flexion angles, while during movements with double limb support, peak loading typically occurred at Ͼ50°flexion. The knee flexion angles at peak F med were generally higher than at peak EAM. Overall, peak EAM ranged from 0-7.5% body weight ϫ height (%BW ϫ Ht) while F med varied between 55 and 359 %BW. Across all subjects and activities, EAM and F med at the time of peak EAM had a good correlation (R 2 ϭ 0.88), with an RMSE of 35 %BW (P Ͻ 0.01). However, the slope of the regression varied considerably across subjects (Figure 1) , with values ranging from 24 to 46 1/height. Across all activities and subjects, the interaction of EAM with mechanical axis angle was not found to have a significant effect on the relationship between F med and EAM (P Ͼ 0.05). A substantial but variable contribution of the subject-specific soft tissue forces to the total axial compressive force at peak F med revealed fractions ranging from a mean Ϯ SD of 0.63 Ϯ 0.09 up to 0.79 Ϯ 0.06 for the 9 individuals (Table 2) .
External moments versus internal forces throughout stance. When the entire stance phase of all activities was considered, EAM significantly predicted F med (P Ͻ 0.01), and these parameters were also found to correlate well, producing an overall R 2 of 0.87 and average RMSE of 29 %BW. R 2 increased by ϳ4% when either EFM or the absolute value of the EFM were additionally considered, while the average RMSE decreased to 26 %BW compared to the model that in- cluded only the EAM. Analysis of the random effects per activity demonstrated that the EAM had a larger influence on F med for those activities with loading primarily on one limb (Table 3 ). In contrast, F med was most sensitive to the EFM for activities where both limbs were loaded. The nonlinear regression of MR as a function of EAM across all subjects and activities ( Figure 2 External moments versus internal contact moments. There was a good correlation between the IAM and EAM across all subjects and activities, with an R 2 of 0.90. For walking and stair climbing, the slope of the regression was 0.65 and 0.62 respectively, while the intercept was very small, with values of 0.034 and 0.007 %BW ϫ Ht.
General loading profile. For activities with a mostly one-legged stance, the EAM and F med graphs were similar (Figure 3) . Peak values tended to occur at similar time points during stair negotiation (Table 1) . During the sit-to-stand and stand-to-sit activities, peak F med tended to occur at larger knee flexion angles than peak EAM. Generally, during activities with a mostly two-legged stance, a relationship between EAM and F med was less obvious, as both variables reached smaller values and showed less prominent peaks than during a one-legged stance.
Load modulation in high flexion. During squatting, peak F med occurred at knee flexion angles ranging from a mean Ϯ SD of 76 Ϯ 25°for a normal squat to 88 Ϯ 11°for a varus squat (Table 1 ). Compared to the conditions during walking and stair negotiation, EAM at peak F med across the 3 different squat variants was small and ranged from Ϫ1.29 %BW ϫ Ht to 1.88 %BW ϫ Ht. However, some subjects were able to modify the EAM at peak F med by Ͼ1 %BW ϫ Ht. In one subject, the mean Comparison of the fixed effects and random effects of 3 different models for predicting F med based on the EAM alone or using combinations of the EAM and the EFM* * Errors in the model predictions are reported as the root mean square error (RMSE). F med ϭ medial tibiofemoral contact force; a, b, c, ϭ free regression parameters; EAM ϭ external knee adduction moment; EFM ϭ external knee flexion moment; %BW ϭ % body weight.
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MR at peak F med was even doubled from 0.25 during valgus squat to 0.51 during the varus variant. The mean Ϯ SD MR at peak F med across the 3 squat variants was 0.15 Ϯ 0.07.
DISCUSSION
Using the combined power of precise gait analysis procedures and direct measurements of in vivo forces within the knee, this study provides unprecedented insight into the conditions under which the more readily accessible external moments are related to the actual contact forces and their distribution across the joint. By assessing these biomechanical relationships in 9 subjects over 10 different activities, we found a good correlation between peak EAM and the corresponding F med , with an overall RMSE of F med regression of 35 %BW. However, the maximum error was 127 %BW, which compares to a peak F med value of ϳ300 %BW, indicating that the relationship varies considerably across subjects and activities.
The wide spectrum of activities and the intersubject variability examined in this study cover a large range of both parameters to facilitate a more complete analysis of the relationship between peak EAM and F med . While previous studies of the role of mechanics in OA disease progression identified the EAM as an important factor, they often concentrated on walking only (7, 9) . We found that the largest F med values occurred during the functionally important stair negotiation activities, with knee flexion angles more than twice as large as those during walking (Table 1) . Our finding thus corroborates previous research that found particularly challenging contact mechanics during stair negotiation also at the patellofemoral joint (33), providing supporting evidence for the notion that stair negotiation, although less frequent than walking, presents considerable challenges to knee function in elderly individuals (16, 34) but might also offer increased sensitivity for differentiating treatment effects (35) . Although only a few studies considered frontal plane knee mechanics during stair negotiation, the EAMs determined in our cohort and their relation to the conditions during walking and chair-rise activities were consistent with previously published results (Table 1) (8, (36) (37) (38) (39) (40) (41) (42) .
By examining variants of the squat activity, we demonstrated that subjects are able to modify the medial-lateral load distribution, and that such modifications are not limited to activities when the knee is more extended. This expands upon previous in vivo studies that have documented the influence of nonsurgical interventions on F med (21) and corroborates the notion Figure 2 . Ratio of the medial to the total axial tibiofemoral contact force (MR) plotted against the external knee adduction moment (EAM) across all activities (gray dots). Top, Data for the 4 subjects with a mechanical axis angle greater than the median (varus group). Middle, Data points and fit across all subjects. Bottom, Data for the 4 subjects with a mechanical axis angle smaller than the median (valgus group). The nonlinear arctangent fits are shown as a solid line (for all subjects), broken lines (for the varus group), and broken and dotted lines (for the valgus group). %BWHt ϭ % body weight ϫ height. that specific kinematic strategies used by patients may indeed be able to modify the MR at the knee. The relationships between EAM and F med described here therefore provide essential knowledge for analyses aiming to consider a wider spectrum of activities to investigate the role of mechanics in OA disease initiation and progression (43) .
In particular, for such activities where peak F med forces occurred in more flexed positions, it seems likely that the EFM contributes substantially to F med (23) . However, evaluation of activities with high knee flexion has shown that the inclusion of the EFM reduces the RMSE of F med predictions primarily during sit-to-standto-sit and squat activities (where both legs are on the ground and the EAM is relatively small), while the error in stair negotiation activities remained virtually unchanged, despite significant knee flexion. This indicates that a sufficiently large EAM has a dominant influence on medial knee loading across a large range of knee flexion. While the regression models that included both the EAM and EFM consistently explained the largest variation in F med , consistent with previous work investigating walking (23), a considerable improvement in prediction accuracy would necessitate additional consideration of the EFM during sit-to-stand-to-sit and squatting activities.
The contact forces transferred at the knee are mainly a result of the action of the soft tissues (26, 44) . Mean Ϯ SD compressive soft tissue forces across our spectrum of activities varied substantially between subjects and ranged from 124 Ϯ 42 to 275 Ϯ 44 %BW, contributing to the overall axial tibiofemoral contact forces by over 60% ( Table 2 ). The variable magnitude of the contact forces at the knee, resulting from the differ- Figure 3 . External knee adduction moment (EAM), internal knee adduction moment (IAM), medial tibiofemoral contact force (F med ), external knee flexion moment (EFM), and knee flexion angle for representative trials of stair climbing and sit-to-stand activities. For each activity, the 3 trials representing the minimum (min), median, and maximum (max) peak F med value, determined from all subjects, are shown. %BWHt ϭ % body weight ϫ height. ent soft tissue forces, might at least partially explain the large variability in clinical response to changes in EAM often found in intervention studies (45) . Even the smallest medial contact forces observed during the valgus squat reached values Ͼ100 %BW, with values as high as 236 %BW observed on the medial condyle alone during stair descent (Table 1) , thus underlining the importance of the soft tissues in modulating the joint contact forces, but in particular, the load distribution across the condyles of the knee.
Across all subjects, we observed a good correlation between the IAM and the EAM. Given the small intercept of the IAM versus EAM regression for both walking and stair climbing, the slope provides a good estimate of the fraction of the EAM supported by an uneven medial-lateral tibiofemoral contact force distribution. Here, we found that almost two-thirds of the EAM was balanced by the contact forces alone. This finding is of particular interest for musculoskeletal modeling approaches that aim to estimate the contact forces at the knee (27, 30, 44) , and which often assume that the EAM is completely balanced by muscle forces. Our measurements, however, indicate that such an assumption might result in a considerable overestimation of the knee contact forces when a too large proportion of the moment was actively balanced by muscle forces. The IAM-to-EAM ratio of almost 2:3 determined for walking in 9 subjects differs considerably from the results of a previous study in a single subject (22) , which demonstrated an IAM-to-EAM ratio of 1:10. It remains unclear how much such differences stem from different implant designs and surgical techniques.
We found a good correlation between the peak EAM and the corresponding F med across a peak EAM range of 0-7.5 %BW ϫ Ht. However, the large subjectspecific variation of regression slopes, differing by a factor of more than 2, indicates that the individual modulation of external loads to produce the joint contact forces through the action of the soft tissues can differ considerably. As a result, the estimation of changes in F med , based on changes in EAM alone, is likely to exhibit limited accuracy under conditions in which excessive, directed cocontraction of muscles exists (19) . This may help to explain why interventions shown to reduce the KAM have not generally resulted in altered disease progression (19, 45, 46) .
While this study has a number of strengths, including, e.g., the unique cohort of subjects undertaking a spectrum of activities, as well as the ability to directly measure the tibiofemoral contact forces in vivo, there are also certain limitations to be considered. Whether results obtained in subjects with TKR apply to native knees remains unknown. Also, while it is unlikely that a study with a comparable size cohort will be performed, the number of measured subjects remains small. In order to maximize the number of subjects available, we opted against further standardization of parameters such as limb alignment (44) . While passive knee laxity, which plays a role in TKR function and MR at the knee, is considered to be a critical factor for the development and progression of OA (47), we acknowledge that knee joint laxity was not characterized in detail. The combination of measures of frontal and transverse plane laxity (48) , together with more detailed computer modeling approaches to systematically investigate and thus better understand the interactions between passive stability and the active soft tissues (26) in balancing the forces across the knee, is therefore a target for future research.
Although many studies have considered the EAM in the context of providing early, nonsurgical interventions to address function and symptoms in knee OA (7, (11) (12) (13) 49, 50) , the subjects considered here underwent TKR for the treatment of end-stage OA. However, all subjects here had good clinical function and were able to master all activities of our test protocol. Moreover, with respect to variables such as average walking speed, and the magnitude and timing of the peak EAM data, our results are well within the range of data published previously (5, 16, 34, (38) (39) (40) (41) , including the limited data that exists on in vivo tibiofemoral loading (1, 11, 13, 15, 22, 29) .
This study establishes a robust relationship between peak EAM and F med . Moreover, our results on the variation of the relationship between the two measures provides critical, previously unavailable information for interpreting the EAM in the many studies that have no direct access to the contact forces and their distribution transmitted across the knee joint. The findings of this study call for more detailed investigations into the soft tissue-related mechanisms that modulate the internal forces at the knee, but also indicate that EAM should be used only cautiously as a surrogate measure for F med under conditions when excessive, directed muscle coactivation could be anticipated.
